To explore the relationships between height and (a) fat-free mass (FFM) and (b) fat mass (FM) in children in order to determine the optimum means of adjusting body composition for height. DESIGN: Cross-sectional study. SUBJECTS: Sixty-nine children aged 8 y. MEASUREMENTS AND METHODS: Weight and height (HT) were measured, and total body water by deuterium dilution for estimation of fat-free mass and fat mass. The indices FFM=HT 2 and FM=HT 2 were calculated, as were the indices FFM=HT p and FM=HT p where P was selected in order to eliminate the correlation of these indices with height. RESULTS: FFM was optimally adjusted for height by calculating FFM=HT 2 . FM was optimally adjusted by calculating FM=HT 6 . However, height accounted for < 8% of the variation in FM=HT 2 , indicating that the bias of this simpler index is small. CONCLUSIONS: Different adjustments of FFM and FM for height are possible, depending on the study design. The indices FFM=HT 2 and FM=HT 2 are appropriate for many purposes, and have the advantage of expressing both aspects of body composition in common units. However, in some scenarios a more sophisticated approach is required for evaluating body fatness.
Introduction
Over the last two decades, measurement of children's body composition, as opposed to nutritional status, has become increasingly common. A variety of techniques, some more accurate than others, has been used to quantify absolute fatness in younger age groups. Such measurements have a vital role in researching the aetiology of childhood obesity, and in evaluating the relative success of treatment strategies. Body composition is also seen as an increasingly important outcome variable in research concerning paediatric diseases in general.
However, attention has focused primarily on the methods by which body composition data are obtained, and less on the way in which the data is expressed. Measurements require normalization for body size if comparisons between individuals or populations, or within individuals or populations over time, are to be meaningful. Traditionally, fat mass (FM) has been normalised by expressing it as a percentage of body weight, whereas fat-free mass (FFM) tends to be expressed in absolute units unadjusted for body size. 1 This approach is unsatisfactory. Figure 1 shows three hypothetical children of identical height. Subjects A and B have identical FFM but different FM. Subjects B and C have different FFM but identical FM. It can be seen that while subject A's percentage fat exceeds that of subject B due to greater FM, subject C's percentage fat exceeds that of subject B merely because of the difference in FFM as opposed to a difference in fatness per se. Thus percentage fat remains influenced by the relative amount of fat-free tissue in body weight, and, like body mass index (BMI), 2 is not an independent index of body fatness. The importance of this issue is demonstrated by the fact that, even in the general population, variability between subjects in relative fat-free size is two-thirds the variability in fatness. 2 Likewise, obesity results in additional FFM as well as FM, 3 and the expression of body fatness in obese children as percentage fat will both underestimate the absolute amount of FM gained, and conceal the change in FFM.
To resolve this issue, both FFM and FM can be normalised for height. One such approach is to adjust weight for height, and then divide this adjusted weight into its fat-free and fat components. 4 Thus, since BMI is the established index of weight (WT) relative to height (HT):
These two indices, known as the fat-free mass index (FFMI) and fat mass index (FMI) are both discrete and adjusted for size. They are easy to calculate, and have the advantage that they are expressed in common units of kg=m 2 . However, this normalization using HT 2 is based on the relationship between WT and HT, and not on the separate relationships between FFM and HT, and between FM and HT. Such separate evaluations would be required in order to generate indices of FFM and FM that each have minimal correlation with HT. Because FM is more variable between individuals than FFM, the two components of weight cannot be assumed to be normalised for height in exactly the same way.
The aim of this paper is therefore to undertake such separate evaluations for children aged 8 y, in order (1) to find the appropriate power by which to raise HT in order to adjust FFM and FM for HT, so that the indices are uncorrelated with HT, and (2) to determine the extent to which the simpler indices, FFMI and FMI, are correlated with HT.
Methods
Data from two sources, Cambridge (n ¼ 18), 7, 8 and the ALSPAC study in Bristol (n ¼ 54) were combined. Ethical approval for these two areas was granted by Cambridge Local Research Ethics Committee and the ALSPAC Ethics Committee, respectively. Because both FFMI and FMI are known to vary naturally with age throughout childhood, 2 children of a single year of age were studied in order to consider the effect of HT independently of age.
For all subjects, WT and HT were measured. Anthropometric data were expressed as standard deviation (s.d.) scores relative to UK reference data. 9, 10 Total body water (TBW) was measured by deuterium dilution using the plateau method of calculation. The methodology has been described in detail previously, 11 and has been shown to be an accurate and precise means of estimating children's body composition. 8 Analysis was by isotope-ratio mass spectrometry. Using published values for the hydration of FFM, 12 TBW was converted to FFM, and FM was calculated as the difference between WT and FFM.
Both FFM and FM were divided by HT 2 , to give fat-free mass index (FFMI) and fat mass index (FMI) as described previously. 4 The correlations of FFMI and FMI with HT were then determined.
The relationships between FFM and HT, and between FM and HT, were also assessed using log -log regression analysis. FFM, FM and HT were all log-transformed, using natural logs. LogFFM was regressed on logHT. The regression slope corresponds to the power P by which height should be raised in order to calculate an index FFM=HT p which is uncorrelated with HT. A similar calculation was undertaken for logFM and logHT. The regressions were calculated for the sexes separately, and then for the sexes combined. Initial regression analysis showed no significant difference between the sexes in the relationships between logHT and logFFM or logFM (Table 2) . With the sexes combined, the gradient of the regression line relating logFFM to logHT was 2.06, while that for logFM and logHT was 5.82 (with confidence interval excluding 2). Thus in these children, FFM=HT 2 and FM=HT 6 are effectively uncorrelated with HT. Plots of logFFM and logFM against logHT are given in Figures  2 and 3 .
There was no significant correlation between FFMI and HT, but there was a correlation of 0.38 (P < 0.001) between FMI and HT ( Figure 4 ).
Discussion
To undertake informative comparisons of children's body composition, normalisation for body size is required. Appropriate normalisation is particularly important in research on childhood obesity. First, children who became obese in Figure 2 The relationship between log height (HT) and log fat-free mass (FFM).
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infancy tend subsequently to be taller than average, 13 a difference that must be taken into account when evaluating their body composition. Second, low birth weight has also been identified as a risk factor for later abdominal obesity. 14 Since low birth weight also predisposes to reduced FFM in childhood, 15 the expression of childhood fatness as percentage fat is predicted to be misleading in such subjects when comparing them to control subjects. Third, successful treat- Figure 3 The relationship between log height (HT) and log fat mass (FM). Figure 4 The relationship between fat mass index (FMI) and height.
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JCK Wells et al ment of obesity involves a reduction of fatness without compromising development of FFM. 16, 17 Longitudinal measurements of subjects must therefore be able to assess changes in fatness independently of changes in lean size. Ultimately, obesity itself may prove to be categorised best using fat distribution, or central adiposity, rather than total body fatness. However, our approach still provides a valuable means for discrete assessment of fatness and lean size which we believe will be of value both in obese subjects and in other populations.
Previous normalisations of FFM and FM for HT have used the relationship between WT and HT. BMI, where WT is divided by height 2 , is widely accepted as an index of WT that has minimal correlation with HT throughout the period of childhood and adolescence. 5, 6 Hence, using the approach of Van Itallie and colleagues, 4 separate indices for FFM and FM may be derived by dividing these variables by HT 2 . The possibility remains, however, that these two separate indices are correlated with HT, in which case comparisons between individuals of different HT, or between groups of different mean HT, might be biased. Our study indicates that, in children aged 8 y, the index FFMI does not introduce significant bias when comparing children who differ in HT, whereas the index FMI does.
The strength of the relationship between logFFM or logFM and logHT is determined by the relative variability of the two traits, as given by their coefficients of variation. Children differ in their fatness more than they do in their HT or their relative lean size, hence to normalise FM a higher power is needed for HT than is the case when normalising FFM. In children aged 8 y, HT must be raised to the power 5.82, or approximately 6, in order to adjust FM for HT.
Nevertheless, it is important to consider the practical implications of the potential bias in FMI that arises from the continued correlation of the index with HT. From the value of the correlation of FMI and HT (r ¼ 0.38), it is possible to calculate the percentage of variation in FMI that is attributable to HT, using the equation:
In this case, the percentage variation is 7.5%, indicating that the vast majority of variation in FMI is due to differences in fatness, rather than differences in HT. The bias is therefore unlikely to have serious implications except when comparing groups or individuals that differ markedly in HT.
Our findings have important implications for the normalising of children's body composition data. Firstly, they show that there is no significant difference between boys and girls at this age in the relationship between body composition and HT. This implies that the two sexes are characterised by similar variability in FFM relative to HT and FM relative to HT. However, this finding may not necessarily extend to other ages, for example puberty when the sexes increasingly differ in the composition of their WT gain. Secondly, our findings show that the issue of normalisation of body composition for body size is a complex issue, and the best approach may depend on the study design and the nature of the data being analysed. Rather than proposing a single approach suitable for all circumstances, we suggest below a range of options, which should be selected as appropriate. We consider three options: expression of data as FFMI and FMI; multiple regression analysis; and logarithmic regression analysis.
(1) If comparing groups or individuals of similar HT, then the indices FFMI and FMI are suitable, and no further adjustment is required.
(2) If comparing groups of different HT, then expression of FFM data as FFMI should be appropriate. Expression of fatness data as FMI may be appropriate if the HT differences are moderate, but this should be confirmed by multiple regression analysis, with FM as the dependent variable, and group and HT as independent variables.
(3) If comparing individuals of different HT then the expression of FFM data as FFMI should still be appropriate, but expression of fatness data as FMI will not be. Instead, multiple regression analysis should be used to adjust FM for HT. Alternatively, if there is a need to express fatness in independent units, log -log regression analysis could be undertaken as described above, in order to determine the power P by which to raise HT in order to calculate the index FM=HT p . Clearly this approach assumes there are sufficient subjects available to minimise the confidence limits for the resulting value of P.
We suggest that, in most cases, the expression of data in the form of FFMI and FMI is likely to be sufficient. This option is preferable due to the benefit that data on fatness and FFM are expressed in common units, which are also those of BMI. The most difficult comparison would concern small numbers of individuals who differ markedly in HT. However, this represents a sample size problem rather than a normalisation problem, and it should be clear that a comparison of few subjects, of widely differing HT, body proportions and body composition, is unlikely to be very informative under any circumstances. Clinical studies researching the effects of disease on body composition should therefore ensure that sufficient numbers are included to allow meaningful analysis. Patients with abnormal HT (eg due to growth-hormone deficiency or Turner's syndrome) may have altered body composition even after taking their HT into account. Correct statistical adjustment is particularly important if such effects are to be quantified.
Our results refer to children aged 8 y only. Although our findings are likely to apply to children of other ages, the exact relationships between FFM, FM and HT should be determined in all age groups. Age-related changes in the development of body fatness are predicted to increase its variability during puberty, while FFM may also show agerelated changes in variability. Such changes might alter the power to which HT should be raised 
Conclusion
We have argued previously that normalisation of children's body composition for body size should involve adjustment for HT rather than for WT. The best method for this adjustment depends on the study design. In many cases, the calculation of the indices FFMI and FMI is satisfactory and informative. However, in some cases where the comparison involves groups or individuals differing markedly in HT, a more sophisticated analysis is required for fatness, while the simple index remains adequate for FFM.
